Ϫ/Ϫ mice induced hypophosphatemia in these mice (8.0 Ϯ 0.4 vs. 5.4 Ϯ 0.3 mg/dl; p Յ 0.001) and a decrease in renal BBM NaPi-2a and NaPi-2c protein expression. Similarly, in FGFR4 Ϫ/Ϫ mice, administration of FGF23 caused a small but significant decrease in serum phosphorus levels (8.7 Ϯ 0.3 vs. 7.6 Ϯ 0.4 mg/dl; p Յ 0.001) and in renal BBM NaPi-2a and NaPi-2c protein abundance. In contrast, injection of FGF23 into FGFR1 Ϫ/Ϫ mice had no effects on serum phosphorus levels (5.6 Ϯ 0.3 vs. 5.2 Ϯ 0.5 mg/dl) or BBM NaPi-2a and NaPi-2c expression. These data show that FGFR1 is the predominant receptor for the hypophosphatemic action of FGF23 in vivo, with FGFR4 likely playing a minor role. phosphaturia; phosphorus; proximal tubule PHOSPHATE HOMEOSTASIS IS IMPORTANT for many biological processes. A large body of in vivo and in vitro studies has shown that fibroblast growth factor-23 (FGF23) is a key regulator of phosphate homeostasis. Mice treated with recombinant FGF23 or transgenic mice overexpressing FGF23 have hypophosphatemia, decreased expression of renal cortical brush-border membrane (BBM) type II sodium-phosphate cotransporter (NaPi-2a and NaPi-2c) protein along with decreased serum levels of 1,25(OH) 2 D 3 (4, 6, 31, 38, 57, 61, 63, 65, 67) . FGF23
null mice, and in conditional FGFR1
Ϫ/Ϫ mice, with targeted deletion of FGFR1 expression in the metanephric mesenchyme. Basal serum phosphorus levels and renal cortical brush-border membrane (BBM) NaPi-2a and NaPi-2c expression were comparable between FGFR1 Ϫ/Ϫ , FGFR3 Ϫ/Ϫ , and FGFR4 Ϫ/Ϫ mice and their wild-type counterparts. Administration of FGF23 to FGFR3 Ϫ/Ϫ mice induced hypophosphatemia in these mice (8.0 Ϯ 0.4 vs. 5.4 Ϯ 0.3 mg/dl; p Յ 0.001) and a decrease in renal BBM NaPi-2a and NaPi-2c protein expression. Similarly, in FGFR4 Ϫ/Ϫ mice, administration of FGF23 caused a small but significant decrease in serum phosphorus levels (8.7 Ϯ 0.3 vs. 7.6 Ϯ 0.4 mg/dl; p Յ 0.001) and in renal BBM NaPi-2a and NaPi-2c protein abundance. In contrast, injection of FGF23 into FGFR1 Ϫ/Ϫ mice had no effects on serum phosphorus levels (5.6 Ϯ 0.3 vs. 5.2 Ϯ 0.5 mg/dl) or BBM NaPi-2a and NaPi-2c expression. These data show that FGFR1 is the predominant receptor for the hypophosphatemic action of FGF23 in vivo, with FGFR4 likely playing a minor role. phosphaturia; phosphorus; proximal tubule PHOSPHATE HOMEOSTASIS IS IMPORTANT for many biological processes. A large body of in vivo and in vitro studies has shown that fibroblast growth factor-23 (FGF23) is a key regulator of phosphate homeostasis. Mice treated with recombinant FGF23 or transgenic mice overexpressing FGF23 have hypophosphatemia, decreased expression of renal cortical brush-border membrane (BBM) type II sodium-phosphate cotransporter (NaPi-2a and NaPi-2c) protein along with decreased serum levels of 1,25(OH) 2 D 3 (4, 6, 31, 38, 57, 61, 63, 65, 67) . FGF23
Ϫ/Ϫ mice, on the other hand, have hyperphosphatemia, increased expression of renal cortical BBM NaPi-2a protein along with increased serum levels of 1,25(OH) 2 D 3 (64, 68) . Several acquired and inherited hypophosphatemic disorders have been associated with upregulation of FGF23. In tumorinduced osteomalacia, high FGF23 levels are produced by the tumor (11, 17, 33, 65) . Autosomal dominant hypophosphatemic rickets (ADHR) is due to a missense mutation in the FGF23 gene, resulting in high serum levels of protease-resistant FGF23 (2, 66, 74) . X-linked hypophosphatemic rickets (XLH), another inherited hypophosphatemic disorder, is due to a mutation in the PHEX gene (phosphate-regulating gene with homologies to endopeptidases on the X-chromosome), resulting in high serum FGF23 levels (7, 16, 20, 30, 33, 43, 78) . In autosomal recessive hypophosphatemic rickets, mutations in the dentin matrix protein-1 gene cause elevated serum levels of FGF23 (19, 44) . Some patients with McCune-Albright syndrome, which is due to a somatic mutation in GNAS-1, encoding the ␣-subunit of stimulatory G protein, also have elevated FGF23 levels and hypophosphatemia (55, 60, 62, 71) .
FGF23 is an endocrine member of the FGF family of ligands that mediate their action by binding to and activating FGF receptors (FGFRs) in a heparan sulfate (HS)-dependent fashion (23, 32) . Four distinct genes code for FGFRs (FGFR1-FGFR4). A prototypical FGFR consists of an extracellular domain made up of three immunoglobulin-like domains (D1-D3), a single-pass transmembrane domain, and an intracellular domain which contains tyrosine kinase activity (54, 56, 58) . A major tissue-specific alternative splicing event in the second half of D3 of FGFR1-3 creates epithelial lineage-specific "b" (FGFR1b-FGFR3b) and mesenchymal lineage-specific "c" (FGFR1c-FGFR3c) isoforms with distinct ligandbinding specificity (46, 49, 54) . A structural divergence at the HS binding site of FGF23 reduces FGF23 HS binding affinity to enable this ligand to function in an endocrine fashion (24) . FGF23 requires Klotho as a coreceptor, which simultaneously interacts with FGF23 and its cognate FGFR(s) to stabilize FGF23-FGFR binding (36, 37, 70) . Thus far, studies published have demonstrated that FGFs bind to FGFRs in a 2:2 FGF-FGFR dimer with heparin sulfate interacting both with the FGFR and FGF (24, 52, 59) . Immunoprecipitation studies have shown that for FGF23, Klotho forms a ternary complex with FGF23 and FGFRs (37, 70) . No studies have reported heterodimerizing of the FGFRs or the interaction between the different FGFRs.
The FGFR(s) mediating the actions of FGF23 remain controversial. Studies analyzing FGF23-FGFR interaction by surface plasmon resonance (SPR) spectroscopy and measurement of the mitogenic response of BaF3 cells ectopically expressing different FGFRs in the presence of FGF23 have shown that FGF23 binds to and activates FGFR1c, 2c, 3c, and FGFR4 (79, 80) . However, another study employing SPR spectroscopy showed that FGF23 binds to FGFR2c and FGFR3c but not to FGFR1c (77) . Controversy exists about the specific receptor for FGF23 using cell lines transfected with Klotho and different FGFRs (37, 70) . One study showed that FGF23 bound to binary complexes of Klotho with FGFR1c, FGFR3c or FGFR4 (37) , whereas another study found that FGF23 exclusively binds to FGFR1c-Klotho (70). Finally, it was shown recently that deletion of FGFR3 or FGFR4 in Hyp mice, a mouse model of human XLH, did not correct the hypophosphatemia in those mice (42) . Based on these data, it was concluded that neither FGFR3 nor FGFR4 mediates the phosphaturic activity of FGF23.
The objective of this study was to identify the FGFR(s) responsible for the hypophosphatemic action of FGF23 in vivo. This study delineated the FGFRs on the proximal tubule and used different FGFR Ϫ/Ϫ mice to examine phosphate regulation at baseline and their response to pharmacological doses of FGF23. Our findings demonstrate the FGFR1 is the predominant receptor mediating the hypophosphatemic action of FGF23.
METHODS

FGFR
Ϫ/Ϫ mice. Generation of FGFR3 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice has previously been described (13, 72) . The FGFR4 Ϫ/Ϫ and FGFR3 Ϫ/Ϫ mice are from a mixed 129/Black Swiss background (72) . These mice were genotyped before the study to confirm that they had deletion of all splice variants of FGFR3 or FGFR4. Control mice were from the same mixed genetic background as FGFR3 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice (13, 72) . FGFR1 Ϫ/Ϫ mice are embryonically lethal (15, 76) . Therefore, the FGFR1 Ϫ/Ϫ mice used in this study were conditional FGFR1 Ϫ/Ϫ mice where FGFR1 was deleted from the metanephric mesenchyme using the lox-p/cre recombinase technique as described previously (53) . Transgenic mice with cre recombinase under the Pax3 promoter (40) were cross bred with mice that had the lox-p sites flanking the critical regions of the FGFR1 gene (29) . Cre recombinase under the Pax3 promoter has been shown to express cre recombinase in the metanephric mesenchyme and not in the ureteric bud (18) . Deletion of FGFR1 from metanephric mesenchyme will delete the receptor from the proximal tubule, the site of 80% of phosphate reabsorption (8, 69) . As FGFR1 Ϫ/Ϫ mice were from a different genetic background, separate controls of the same genetic background as the FGFR1 Ϫ/Ϫ mice were studied and designated as control-1. FGFR1
Ϫ/Ϫ mice were from a mixed genetic background including 129/Sv and C57BL/6J and so were their controls (Control-1) (18, 29, 40) . FGFR2 Ϫ/Ϫ mice are also embryonically lethal, and FGFR2 has not been shown to bind to FGF23 and initiate intracellular signaling (3, 37, 70, 75 ⅐ mouse Ϫ1 as previously described (51) . This protocol has previously been shown to decrease 25-hydroxyvitamin D-1␣-hydroxylase mRNA abundance and increase 24-hydroxylase mRNA abundance (51) . Serum/tissue samples were collected 10 -12 h after the last injection. Vehicle (protein sample buffer consisting of 25 mM HEPES-NaOH, pH 7.5, and 1 M NaCl) was administered as a control.
Proximal tubule isolation and RT-PCR. Kidneys from control and FGFR1
Ϫ/Ϫ mice were quickly removed after the mice were killed. Kidneys were sliced coronally and placed in 10 ml DMEM (GIBCO, Grand Island, NY) containing 1 mg/ml collagenase (Worthington, Lakewood, NJ), and the mixture was shaken vigorously for 15 min in a 5% CO 2 chamber at 37°C. The partially digested kidneys were then transferred into Hanks' solution containing (in mM) 137 NaCl, 5 KCl, 0.8 MgSO 4, 0.33 Na2HPO4, 0.44 KH2PO4, 1 MgCl2, 10 Tris, 0.25 CaCl 2, 2 glutamine, and 2 L-lactate at 4°C. Proximal convoluted tubules (ϳ20 mm) were dissected and placed in 200 l of RNA extraction buffer. RNA was then isolated using the Mini RNA isolation kit according to the manufacturer's instructions (Zymo Research, Orange, CA). Cells to c-DNA II kit (Ambion, Austin, TX) was used to make cDNA from RNA as per the manufacturer's protocol. The negative control was the preparation without the reverse transcriptase. mRNA was amplified by PCR using a thermal cycler (Bio-Rad, Hercules, CA) (1). The PCR reaction steps included initial activation of HotStar Taq DNA Polymerase (Qiagen, Valencia, CA) at 95°C for 15 min, 35 cycles of denaturation at 94°C for 45 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min. The final extension step was for 10 min at 72°C. The PCR product obtained was fractionated on a 1% agarose gel with ethidium bromide and visualized by UV transillumination. The PCR primers used are as follows: FGFR1 (forward) 5Ј-TTC AAG CTG CTG AAG GA and (reverse) 5Ј-GTC TTG GGG GTG ATG GA; FGFR2 (forward) 5Ј-CAG GGA TTC CCG TGG A and (reverse) 5Ј-TGT CCT GTT TGG GGA CA; FGFR3 (forward) 5Ј-TCT GGG CTA AGG ATG GTA and (reverse) 5Ј-CAG GTA TAG TTG CCA CGA or FGFR3 (forward) 5Ј-TGC GTG TAA CAG ATG CTC CAT CCT and (reverse) 5Ј-AGG GTA CCA CAC TTT CCA TGA CCA; FGFR4 (forward) 5Ј-TGG AAG GAA ATG TGG CTG CTC TTG and (reverse) 5Ј-AGA TTG TGT ACG ACG GTC ATG GAG; and GAPDH (forward) 5Ј-CAC CAT GGA GAA GGC and (reverse) 5Ј-TGC CAG TGA GCT TCC.
Serum phosphorus and serum creatinine levels. Blood was collected from the retroorbital vein after the mice were sedated with isoflurane. Serum phosphorus was measured using the Phosphorus Liqui-UV Test (Stanbio Laboratories, Boerne, TX) as per the manufacturer's protocol. Serum creatinine was measured by the Vitros 250 instrument using an enzymatic creatinine amidohydrolase reaction (Ortho-Clinical Diagnostics, Rochester, NY).
Baseline serum FGF23, parathyroid hormone, and 1,25(OH)2D3 levels. Blood collected from the retroorbital vein was also used to measure the concentrations of FGF23, parathyroid hormone (PTH) and 1,25(OH)2D3. Serum samples were snap frozen in liquid nitrogen and stored at Ϫ80°C until the time of assay. Serum PTH concentration was measured by ELISA using an intact mouse PTH kit (Immutopics, San Clemente, CA). Serum FGF23 levels were measured by ELISA using an FGF23 kit (Kainos Laboratories, Tokyo, Japan). Serum 1,25(OH)2D3 levels were measured by RIA using a Gamma-B 1,25-Dihydroxy Vitamin D kit (IDS, Tyne and Wear, UK).
BBM vesicle isolation, SDS-PAGE, and immunoblotting. Kidneys were quickly removed and placed in ice-cold PBS. The renal cortex was dissected and placed in ice-cold isolation buffer (300 mM mannitol, 16 mM HEPES, and 5 mM EGTA titrated to pH 7.4 with Tris). One microliter per milliliter of protease inhibitor cocktail (Sigma, St. Louis, MO) and 100 g/ml PMSF (Calbiochem) were added to the isolation buffer. The cortex was homogenized using a Potter Ejevhem homogenizer at 4°C. Using magnesium precipitation and differential centrifugation, BBM vesicles (BBMV) were isolated as described previously (5, 28) . RIPA buffer was used to suspend the final BBMV pellet (150 mM NaCl, 50 mM Tris, 5 mM EDTA, 1% Triton X-100, 0.5% deoxycholate, and 0.1% SDS). BBMV total protein was measured by the Bradford method using BSA as the standard. An equal amount of protein (25 g ) was denatured at 37°C after the samples were diluted with SDS-PAGE loading buffer. BBMV proteins were then fractionated on a 7.5% SDS-polyacrylamide gel. Proteins were then transferred at 350 -450 mA over 1 h to a polyvinylidene difluoride membrane. The blot was blocked by Blotto (0.05% Tween 20 and 5% nonfat milk in PBS) for 1 h and then probed using a primary antibody to NaPi-2a (1:4,000) or NaPi-2c (1:4,500) overnight at 4°C (generous gifts from Drs. J. Biber and H. Murer, University of Zürich, Zürich, Switzerland). The blots were washed extensively with Blotto and then incubated with the secondary anti-rabbit antibody at 1:10,000 dilution for 1 h. The blots were further washed with PBS containing 0.05% Tween 20. Enhanced chemiluminescence (Amersham Life Sciences) was used to detect bound antibody. An antibody to ␤-actin at 1:15,000 dilution was used to validate equal loading of the protein (Sigma). NaPi-2a and NaPi-2c protein abundance was quantified in relation to ␤-actin using Scion Image software (Scion).
Statistical analysis. All the data are expressed as means Ϯ SE. Student's t-test was used to assess the difference between two groups. Differences among multiple groups were assessed using one-way ANOVA followed by a post hoc Student-Newman-Keuls test. A P value Ͻ0.05 was considered significant.
RESULTS
To identify the FGFR(s) that mediate FGF23's action in vivo, we studied phosphate homeostasis in mice deficient for each of the four FGFRs before and after administration of recombinant FGF23. We reasoned that mice lacking FGF23's principal FGFR should exhibit hyperphosphatemia, increased expression of renal cortical BBM NaPi-2a and NaPi-2c protein, elevated serum levels of 1,25(OH) 2 D 3 along with increased serum levels of FGF23 due to the negative feedback regulation. Second, we reasoned that administration of recombinant FGF23 into mice deficient in the principal FGFR should not cause hypophosphatemia.
We first determined which FGFRs were present in the proximal convoluted tubule, the nephron segment where at least 80% of phosphorus is reabsorbed (8, 69) . RT-PCR showed that FGFR1, -3, and -4, but not FGFR2, mRNA are expressed in the proximal convoluted tubule (Fig. 1A) . Previous studies showed that while all the splice variants of FGFR1-3 were expressed in the adult rat renal cortex (12), only FGFR3 was localized to the proximal tubule using immunohistochemistry (12, 42) . Immunohistochemistry in the adult mouse showed localization of FGFR1 in the distal tubule (42) . The discrepancy between the two results is that the expression of FGFR1 is likely lower in the proximal tubule and thus not detected by immunohistochemistry but still detected by RT-PCR, a more sensitive technique.
Based on these data, we decided to study phosphate homeostasis in mice null for FGFR1, FGFR3, or FGFR4. Since FGFR1 deletion leads to embryonic lethality, we studied conditional FGFR1
Ϫ/Ϫ mice where FGFR1 is deleted from the metanephric mesenchyme using a lox-p/cre recombinase technique. As is shown in Fig. 1B, FGFR1 mRNA is deleted from these mice but FGFR3 and FGFR4 mRNA are expressed.
In the first set of experiments, we examined basal serum phosphorus levels and renal cortical BBM NaPi-2a and NaPi-2c protein expression in FGFR Ϫ/Ϫ mice along with serum levels of PTH, FGF23, and 1,25(OH) 2 D 3 , all of which are known regulators of serum phosphorus. As shown in Figs. 2 and 3 , there was no increase in the serum phosphorus levels and renal cortical BBM NaPi-2a or NaPi-2c protein expression in FGFR Ϫ/Ϫ mice relative to their respective controls. Basal serum FGF23 levels were higher in FGFR1 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice relative to their controls ( Table 1 ). The maintenance of phosphate homeostasis in FGFR1 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice despite higher FGF23 levels is likely due to compensatory mechanisms. Some of the compensatory mechanisms might include increased expression of other receptors or some yet unidentified mechanisms. FGF23 levels were higher in vehicle-treated control and FGFR4
Ϫ/Ϫ mice compared with baseline FGF23 levels, and the reason for this disparity is unclear. Serum levels of Fig. 1 . A: mRNA expression of different FGF receptors (FGFRs) in the proximal tubule. Proximal tubules were dissected, total RNA was isolated, and the products of RT-PCR were fractionated on a 1% agarose gel. FGFR1, FGFR3, and FGFR4 but not FGFR2 mRNA are expressed in the proximal tubule. The details of the primer sequences are described in METHODS. Either of the FGFR3 primer sets was used. The negative control for each primer set was a RT-PCR in which RT (reverse transcriptase) was omitted. B: absence of FGFR1 transcript in the proximal tubule of FGFR1 Ϫ/Ϫ mice. Proximal tubules were dissected, total RNA was isolated, and the products of RT-PCR were fractionated on a 1% agarose gel. FGFR1 mRNA was not detected in the proximal tubules of FGFR1 Ϫ/Ϫ mice, whereas FGFR3 and FGFR4 mRNA are expressed in the proximal tubule. RT-PCR in which RT was omitted served as a negative control, and mRNA from a wild-type mouse was used as a positive control.
1,25(OH) 2 D 3 were significantly elevated in FGFR3
Ϫ/Ϫ mice and also tended to be higher in FGFR4 Ϫ/Ϫ mice compared with control mice (P ϭ 0.1). Serum PTH levels at baseline tended to be higher in FGFR3 Ϫ/Ϫ mice compared with their controls but did not reach statistical significance (P ϭ 0.1) (Table. 1). Serum creatinine was measured as described in METHODS, and all the mice had comparable creatinine levels [control 0.18 Ϯ 0.007, FGFR3
Ϫ/Ϫ 0.16 Ϯ 0.009, and FGFR4 Ϫ/Ϫ 0.166 Ϯ 0.009 mg/dl, P ϭ not significant (NS); control-1, 0.14 Ϯ 0.03 and FGFR1 Ϫ/Ϫ 0.14 Ϯ 0.009 mg/dl, P ϭ NS].
We next examined the effects of pharmacological doses of FGF23 on serum phosphorus, 1,25(OH) 2 D 3 , and PTH and on renal cortical BBM NaPi-2a and NaPi-2c protein expression. To ensure that all the animals that received FGF23 expressed high FGF23 levels, serum FGF23 levels were measured 10 -12 h after the last injection of FGF23 and the FGF23 levels were indeed higher in the group that received FGF23 (Tables 2 and 3 ). FGF23 levels were higher in vehicle-treated control and FGFR4 Ϫ/Ϫ mice compared with baseline FGF23 levels. The reason for this disparity is unclear. As shown in Table 2 , serum phosphorus decreased in control-1 mice on administration of FGF23. Similarly, renal cortical BBM NaPi-2a and NaPi-2c protein expression also decreased in control-1 mice that received FGF23 (Figs. 4 and 5) . As shown in Table 3 , serum phosphorus levels also decreased in FGFR3 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice and in their controls with administration of FGF23. As expected, a decrease in renal cortical BBM NaPi-2a and NaPi-2c protein expression was noted in FGFR3 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice and in their controls with administration of FGF23 (Figs. 6 and 7) . In contrast, serum phos- phorus levels did not decrease in FGFR1
Ϫ/Ϫ mice in response to FGF23 administration (Table 2) . Similarly, renal cortical BBM NaPi-2a and NaPi-2c protein expression did not change in FGFR1
Ϫ/Ϫ mice in response to FGF23 injection (Figs. 4 and 5 ). All FGFR Ϫ/Ϫ mice and their respective controls showed a decrease in 1,25(OH) 2 D 3 levels in response to FGF23 treatment (Tables 2 and 3 ). Serum PTH levels were reduced in FGFR1 Ϫ/Ϫ mice after administration of FGF23 compared with the vehicletreated mice, but the effect did not reach statistical significance (P ϭ 0.1) ( Table 2 ). In FGFR3 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice, there was no change in serum PTH levels in response to FGF23 injection. Furthermore, serum PTH levels were significantly elevated in vehicle-treated FGFR1
Ϫ/Ϫ and FGFR3 Ϫ/Ϫ mice compared with the respective vehicle-treated controls, which contrasts with the baseline results (compare Tables 2 and 3 with Table 1 ). However, at baseline, serum PTH levels were higher in FGFR3 Ϫ/Ϫ mice compared with control mice (130 Ϯ 26 vs. 213 Ϯ 41 pg/ml) but did not reach statistical significance (P ϭ 0.1). The reason for this disparity is unclear, but the vehicletreated mice were handled and injected twice daily.
Mice overexpressing FGF23 have hypophosphatemia, decreased expression of renal cortical BBM NaPi-2a and NaPi-2c protein along with decreased serum levels of 1,25(OH) 2 D3 (4, 6, 31, 38, 57, 61, 63, 65, 67) . On the contrary, mice with deletion of FGF23 have hyperphosphatemia, increased expression of renal cortical BBM NaPi-2a protein along with increased serum levels of 1,25(OH) 2 D3 (64, 68) . Therefore, we reasoned that if the critical receptor for the hypophosphatemic action of FGF23 is deleted, the mice with this deletion will have hyperphosphatemia, increased BBM NaPi-2a and NaPi-2c expression, and increased serum levels of 1,25(OH) 2 D 3 . The explanation for this phenotype not occurring is that it is unlikely that a single receptor is responsible for the hypophosphatemic action of FGF23. Although FGFR1 is the predominant receptor for the hypophosphatemic action of FGF23, these mice have normal phosphate homeostasis, indicating that compensatory mechanisms exist to maintain normal phosphate homeostasis at baseline. Together, these data show that FGFR1 is the predominant receptor mediating the hypophosphatemic action of FGF23 although a relatively minor role for FGFR4 cannot be ruled out.
DISCUSSION
In this study, we showed that the proximal convoluted tubule expresses FGFR1, FGFR3, and FGFR4 mRNA. Based on these data, serum phosphorus, FGF23, PTH, and 1,25(OH) 2 D 3 levels along with renal cortical BBM NaPi-2a and NaPi-2c protein expression were examined in FGFR1 Ϫ/Ϫ , FGFR3 Ϫ/Ϫ , and FGFR4 Ϫ/Ϫ mice before and after administration of recombinant FGF23. Analysis of the basal serum phosphorus levels and renal cortical BBM NaPi-2a and NaPi-2c expression did not implicate any of these FGFRs in mediating FGF23's hypophosphatemic activity as these parameters were comparable between FGFR1 Ϫ/Ϫ , FGFR3 Ϫ/Ϫ , and FGFR4 Ϫ/Ϫ mice and their wild-type counterparts. Injection of recombinant FGF23 decreased the serum phosphorus and renal cortical BBM NaPi-2a and NaPi-2c protein expression in FGFR3 Ϫ/Ϫ and FGFR4 Ϫ/Ϫ mice. FGFR1 Ϫ/Ϫ mice, however, did not respond to exogenous FGF23 with hypophosphatemia or decrease in renal cortical BBM NaPi-2a or NaPi-2c protein expression, indicating that FGFR1 is the primary receptor for the hypophosphatemic action of FGF23.
Interestingly, relative to their respective control mice, FGFR1 Ϫ/Ϫ mice had higher serum FGF23 levels, which probably reflects the presence of negative feedback regulation. Even with high FGF23 levels, serum phosphorus levels are normal in FGFR1 Ϫ/Ϫ mice, which indicates that compensatory mechanisms are responsible for preventing high serum phosphorus levels. The role for FGFR4 in FGF23's hypophosphatemic activity is uncertain from our data. At baseline, FGFR4 Ϫ/Ϫ mice had higher serum FGF23 levels, but the serum FGF23 levels were comparable in control and Ϫ/Ϫ mice, FGFR4 Ϫ/Ϫ mice responded to administration of FGF23 with a small but significant decrease in serum phosphorus and cortical BBM NaPi-2a and NaPi-2c protein expression. It should be noted that the decrease in serum phosphorus was less in FGFR4 Ϫ/Ϫ mice (1.2 Ϯ 0.3 mg/dl) compared with control mice (2.0 Ϯ 0.5 mg/dl), although this did not reach statistical significance (P ϭ 0.1). Taken together, our data show that FGFR1 is the predominant receptor for the hypophosphatemic action of FGF23, and FGFR4 might play a minor role.
Both FGFR1 and FGFR3 were shown to be present in parathyroid gland tissue by immunohistochemistry (9) . The role of FGF23 in the regulation of PTH remains controversial. Studies so far have suggested both positive and negative regulation of PTH by FGF23. In rats, acute exposure to FGF23 results in a decrease in PTH mRNA expression and PTH secretion (9) . This is in contrast to what is seen in transgenic mice overexpressing FGF23 (chronic exposure), where PTH levels were elevated compared with controls (4, 38) , which could be explained by the fact that FGF23 decreases serum 1,25(OH) 2 D 3 levels in vivo (41, 50, 63) , which in turn would stimulate PTH secretion (34, 48) . In an in vitro study, where the confounding effect of 1,25(OH) 2 D 3 was excluded, incubation of bovine parathyroid cells with FGF23 resulted in a decrease in PTH mRNA expression and PTH secretion (35) . In our study, there was a tendency for higher PTH levels at baseline in FGFR3 Ϫ/Ϫ mice, which could be explained by the loss of negative control of FGF23 on PTH secretion despite the higher serum levels of 1,25(OH 2 )D 3 in the FGFR3 Ϫ/Ϫ mice (P ϭ 0.1). PTH upregulates 1␣-hydroxylase and thus increases serum levels of 1,25(OH 2 )D 3 (21) , and in turn 1,25(OH 2 )D 3 decreases PTH synthesis and secretion (14, 45) , completing the feedback loop. Therefore, the high 1,25(OH 2 )D 3 levels in FGFR3 Ϫ/Ϫ mice are likely due to the higher PTH levels. However, after vehicle administration not only FGFR3 Ϫ/Ϫ but also FGFR1 Ϫ/Ϫ mice had elevated serum PTH levels compared with their respective controls, suggesting that FGFR3 might play a role in the negative regulation of PTH by FGF23. The role of FGFR1 in the regulation of PTH remains unclear as FGFR1 was deleted from the metanephric mesenchyme using a Pax3 promoter. It has recently been shown that Pax3-deficient embryonic mice have rudimentary parathyroid glands, and thus it is possible that FGFR1 was deleted in the parathyroid gland in our FGFR1 mice (27) . The reason for the discrepancy between the baseline data and the data obtained from vehicle injection is unclear. Serum PTH levels did not change in FGFR Ϫ/Ϫ mice in response to FGF23 treatment, except a slight decrease observed in FGFR1 Ϫ/Ϫ mice (P ϭ 0.1). The fact that serum PTH remained unchanged after FGF23 administration is likely due to the fact that, on one hand, FGF23 decreases PTH secretion, but on the other hand FGF23 decreases 1,25(OH 2 )D 3 , which would stimulate PTH secretion, thus normalizing PTH levels in FGFR Ϫ/Ϫ mice as well as in their wild-type counterparts.
In vivo and in vitro studies have shown that 1,25(OH) 2 D 3 levels are reduced by FGF23 by suppressing 1␣-hydroxylase and increasing 24-hydroxylase activity (41, 51, 63, 64 Ϫ/Ϫ mice and their respective controls, even though 1␣-hydroxylase, NaPi-2a, and NaPi-2c proteins are expressed primarily in the proximal tubule. These data suggest that more than one FGFR may mediate the effect of FGF23 on vitamin D metabolism and/or that other compensatory mechanisms may be involved.
The mutation in osteoglophonic dysplasia is an activating mutation of FGFR1. The patients with osteoglophonic dysplasia have hypophosphatemia and low 1,25(OH) 2 D 3 levels along with a skeletal phenotype including craniosynostosis, dwarfism, and nonossifying bone lesions (73) . One of the patients with osteo- Fig. 4 . Effect of exogenous FGF23 on renal cortical BBMV NaPi-2a expression in FGFR1 Ϫ/Ϫ mice. Shown are immunoblots of renal cortical BBM NaPi-2a and ␤-actin. NaPi-2a protein expression (relative to ␤-actin expression) did not change in FGFR1
Ϫ/Ϫ mice in response to FGF23 treatment, whereas, as expected, it decreased significantly in wild-type mice. Values are means Ϯ SE. Ϫ/Ϫ mice. Shown are immunoblots of renal cortical BBM NaPi-2c and ␤-actin. NaPi-2c protein expression (relative to ␤-actin expression) did not change in FGFR1
Ϫ/Ϫ mice in response to FGF23 treatment, while, as expected, it decreased significantly in wild-type mice. Values are means Ϯ SE.
glophonic dysplasia had high serum levels of FGF23. The cause for the high serum FGF23 level is unclear.
There is evidence that FGF23 decreases NaPi-2b expression in the small intestine, and this is dependent on an intact 1,25(OH) 2 D 3 receptor. One of the limitations of the study is that we have not examined the effects of FGF23 on the expression of NaPi-2b in the small intestine. In addition, while we measured basal serum phosphorus and BBM NaPi-2a and NaPi-2c protein expression and the effect of FGF23 in control and FGFR null mice, we did not directly measure phosphate transport due to the limited number of animals available. The potential effects of the presence of nonrenal FGFR1 were not studied as the aim of our study was to determine the renal receptor for FGF23 that is responsible for FGF23's hypophosphatemic action.
In conclusion, this in vivo study shows that basal phosphate homeostasis is unaffected in FGFR1 Ϫ/Ϫ , FGFR3 Ϫ/Ϫ , and FGFR4 Ϫ/Ϫ mice, indicating that FGFRs can compensate for one another in phosphate homeostasis. However, administration of recombinant FGF23 shows that FGFR1 is the predominant renal receptor for the hypophosphatemic effect of FGF23, with FGFR4 likely playing a minor role. 
